The level of glutamine synthetase activity in Agmeneihm quadruplicatum strain Most of the work on the nitrogen metabolism of PR-6 has centered on studying mutants with lesions in the reduction of N03-or N02 (20, 22-24). These studies led to the conclusion that the reduction of NO03 to N02 was tightly regulated by NH3 (22, 23 
Unlike many cyanobacteria such as Anabaena species strain CA (17) and Anabaena cylindrica (19) , Agmenellum quadruplicatum strain PR-6 is incapable of nitrogen fixation (1 1). However, Kapp et al. (6) demonstrated that a wide variety of nitrogen compounds, both organic and inorganic, could be used by PR-6 as a source of nitrogen for growth with N03-, N02-, and NH3 supporting the fastest growth rates.
Most of the work on the nitrogen metabolism of PR-6 has centered on studying mutants with lesions in the reduction of N03-or N02 (20, (22) (23) (24) . These studies led to the conclusion that the reduction of NO03 to N02 was tightly regulated by NH3 (22, 23) . A logical extension of these studies was to examine the incorporation of NH3 into glutamate. Wolk et a!. (29) (13) (14) (15) and characterized. Herein, we report the outcome of an investigation to determine the result of nitrogen starvation with respect to C-PC levels, elemental nitrogen content and GS activity of PR-6 when grown on three different nitrogen sources. (16) . The concentration of C-PC was then calculated by use of the extinction coefficient of Svedberg and Katsurai (25) .
MATERIALS AND METHODS
Total cellular nitrogen was determined on a 150-,ul sample of cells that had been dried to constant weight at 80 C for 48 h. The analysis was done by the Micro-Dumas method using a Coleman model 29 nitrogen analyzer. Analysis of standards indicated a variation of ±0.1% in our nitrogen estimates.
Glutamine synthetase was assayed using a whole cell biosynthetic assay and was done within 24 h of sampling. Samples were stored at 4 PAONE AND STEVENS whole cells to give a final assay volume of 0.1 ml. Temperature during the assay was maintained at 39 C. The assay was terminated by the addition of 2.0 ml of ice-cold double-distilled H20. Glutamine was separated from glutamate by a modification of the procedure of Prusiner and Milner (10) using Dowex I x 8 (chloride), 400 mesh ion-exchange resin. After separation, 10 ml of Tritosol (3) scintillation cocktail was added and samples were counted on a Packard Tri-Carb Liquid Scintillation Counter. One unit ofenzyme activity is defined as the amount of enzyme needed to catalyze the formation of 1 nmol glutamine/min. Ammonia was measured using the phenol-hypochlorite method (12) as modified by Greenbaum et al. (5) . Fifty nmol of NH3 gave anA of 0.1.
Urea was measured by the NH3 assay procedure as above after treatment with 1 U/ml ofjack bean urease at 28 C in Tris buffer (pH 9.2), containing 2 mim EDTA for 45 inn.
Nitrate was measured as NO2 (8) after reduction using the cadmium-copper method of Wood et al. (30) . A 10-ml sample containing between 10 to 50 nimol NO3-was added to the cadmium-copper column and washed through with 0.12 M NH4C1. ,umol/ml) the cells grew exponentially ( During this period the specific growth rate, k (7) was 2.06 day-' representing a doubling time of 3.5 h. After 16 h, PR-6 entered a period during which the growth rate progressively decreased.
To determine at which point in growth N03-became limiting, the time course of N03-disappearance was determined (Fig. la) .
The rate of N03 disappearance was constant at 0.29 ,umol/ml* h and was linear with time from 7.5 h to depletion at 16.5 h. The time of NO3-depletion corresponded with the end of the exponential growth phase of PR-6.
The effect of N03-limitation (starvation) on the accessory pigment C-PC over the time course of the experiment is shown in Figure lb . The amount of C-PC was at its maximum level very early during growth. There was a decline in the C-PC content from 81.6 to 64 ,ug/mg dry weight during the first 14 h. Between 14 and 22.5 h there was a large decrease in the C-PC content dropping from 64 to 7.5 ,ug/mg dry weight.
Inasmuch as N03 was depleted from the medium by 16 .5 h and the culture continued to grow for an additional 8.5 h, the -i 2. io oJ o~~~~~~~~~~~~~0 question was raised as to where the cell was finding nitrogen for growth. Consequently, the nitrogen content of the cells was measured during growth. Between 0 and 17.5 h the nitrogen content declined slowly to 73.3 ,ug N/mg dry weight. Over the next several hours the nitrogen content dropped rapidly and reached a low level of 28 pug N/mg dry weight at 25 h.
When NH3 was used as a nitrogen source for the growth of PR-6, a pattern of growth similar to that on N03 was observed (Fig.   2a) . Under this condition, growth of PR-6 was exponential from 0 to 13 h with a specific growth rate of 2.44 days-' and a doubling time of 3.0 h. After 13 h the growth rate progressively decreased.
For growth to occur, NH3 must be taken up from the medium and assimilated into cellular material. The time course of NH3 removal from the medium is shown in Figure 2a . During the first 5 h of growth the disappearance of NH3 proceeded slowly. After 5 h the rate of disappearance increased 16-fold and was maintained until depletion occurred at 12.5 h.
As was observed in the N03 -grown culture of PR-6, NH3 limitation caused a drastic effect on the C-PC level (Fig. 2b) . To compare the effects of nitrogen starvation on cells grown on inorganic versus organic sources of nitrogen, urea was chosen as a third nitrogen source. Growth of PR-6 on urea was exponential from 0 to 15 h (Fig. 3a) with a specific growth rate of 1.96 days-' (doubling time = 3.7 h). The growth rate of PR-6 began to decline progressively 8 h before depletion of urea from the medium. This was unlike the results observed for growth on N03 or NH3 (see
Figs. la and 2a).
The time course of urea disappearance from the medium is shown in Figure 3a . Urea disappearance from the medium was constant at 0.05 pmol/ml -h. Depletion of urea from the medium occurred at 22.5 h.
The effect of a limiting concentration of urea on C-PC concentration is shown in Figure 3b . As in the NH3-grown culture there was a period where the C-PC content of the cell was still increas- To determine the relationship between GS activity and cell mass, the log of the GS activity was plotted against the log of cell dry weight (Fig. 5) . When data are plotted in this manner, a doubling of either cell mass or enzyme activity will tesult in an increase on either axis of 0.301 U. If the enzyme activity is doubling at the same rate as the cell mass, a slope of one is observed. If the enzyme activity is increasing faster than the cell mass, a line with a slope greater than one will be seen. A slope of less than one indicates cell mass is increasing faster than enzyme activity.
In the N03 -grown culture the change in GS activity was initially faster, becoming equal to, then once again faster than the increase in cell dry weight. In the NH3-or urea-grown cultures the change in GS activity was initially slower, than faster, and finally equal to the increa.se in cell dry weight.
DISCUSSION
In heterotrophic bacteria NH3 is considered a good nitrogen source and its use is reflected by low levels of GS activity (27) . Nitrate is considered a poor nitrogen source for bacteria and its use is reflected by high levels of GS activity (1) . A nitrogen source such as urea which must undergo catabolism to NH3 prior to assimilation into glutamine would be expected to be a poorer began to decrease. By 12 h the C-PC level dropped to 57 ,ug/mg dry weight and a constant rate of decline was subsequently observed.
The nitrogen content of the urea culture was initially 97 ,tg N/ mg dry weight. Over the first 10 h there was a very slow decline in the nitrogen content of the cells; but, after 12 h of growth the rate of decline increased 7-fold. By 27.5 h a minimum level of 38. 4 Ag N/mg dry weight was reached.
It has been shown previously in other micro-organisms that when nitrogen was limiting or they were growing on a "poor" nitrogen source, levels of GS were elevated (27) . The activity of GS in cells grown on the three nitrogen sources over the course of growth shown in Figures la, 2a , and 3a is shown in Figure 4 . In the N03 -grown culture, the enzyme activity was initially very PAONE AN nitrogen source than NH3 and its use would be reflected by an intermediate level of GS activity (4) .
The activity of GS in PR-6 was low while cells were in exponential growth (see Fig. 4 ), regardless of the nitrogen source used in our study. There was little difference in the level of GS activity. These results seemed to be at odds with the pattern of GS activity in response to different nitrogen sources established for heterotrophic bacteria (see above). As the growth rate of PR-6 began to decline in response to nitrogen depletion from the medium, the activity of GS began to increase dramatically (compare Figs. la, 2a, and 3a with Fig. 4) . The magnitude of the increase in GS activity depended on the nitrogen source used for growth and on the extent of starvation for that nitrogen source. The highest level of GS activity was observed in cells of PR-6 grown on NO3-. An intermediate level of GS activity was observed in cells grown on urea. A lower level of GS activity was observed in cells grown on NH3 (note the levels of GS at 25 h in Fig. 4) . Thus, when PR-6 was in a nitrogen-depleted state, the observed pattern of GS activity corresponded to the pattern reported for exponentially growing heterotrophic bacteria (1, 4, 27) .
Our results are in contrast to the results reported in Figure 1 , of Emond et al. (2) . They reported no change in GS activity per optical density unit during growth and nitrogen starvation of Anacystis nidulans (compare with Fig. 5 At approximately the same time that GS activity began to rise in nitrogen-depleted cultures of PR-6 we observed that the nitrogen and C-PC content of these cells began a steep decline. It was evident from the still increasing OD and the decline in nitrogen content based on dry weight that a fixed amount of nitrogen was being redistributed among "new" cells. A large change in GS activity with only a small change in cell mass occurred after the onset of nitrogen starvation. This was most clearly observed in cells of PR-6 grown on NH3 (see Fig. 5 ).
Our results suggest that GS activity is regulated in PR-6. They do not indicate how GS activity is regulated. The degradation of C-PC is intertwined with changes in the level of GS activity and the nitrogen content of PR-6. This presents itself as an interesting interrelationship between the energy yielding process of photosynthesis and nitrogen metabolism.
LITERATURE CITED
